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MicromorphHigh-performance transparent conducting oxides (TCOs) have signiﬁcance for optimising PV performance.
The efﬁciency of the resulting solar cells is dependent particularly on achieving high light scattering, low
resistivity and low absorption (via low free carrier absorption), in addition to suitable surface morphology for
absorber growth quality. These properties have been targeted by systematic exploration of the Atmospheric
Pressure Chemical Vapour Deposition (APCVD) growth parameters, in particularly the effect of the tin precursor
to water ratio.
Using the APCVD process F-doped SnO2 has been deposited on glass using monobutyl tin trichloride with
triﬂuoro-acetic acid as the dopant source. Experiments established that an increased water to tin precursor
ratio gave smaller surface features, along with increased electrical mobility and optical transmittance at
high reactant ratios. Samples were then used in manufacture of thin ﬁlm solar cells, which showed enhanced
performance, in comparison to commercially available TCO CVD coated glasses, with high quantum efﬁciency
yield. In particular, high water to tin precursor ratios led to much improved open circuit voltages, ﬁll factors
and high current densities within the cells. Tandem cells with efﬁciencies of 10.75% were achieved, which
were higher than those produced concurrently using commercially available TCO both on-line 9.50% and
off-line 10.20%.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Transparent conducting oxides (TCOs) are widely used throughout
industry and in particular in the production of solar cells where front
electrical contacts are needed which are highly optically transparent
and with a relatively low electrical resistance [1]. The properties of this
TCO front contact have been shown to be critical to the performance of
the thin ﬁlm solar cells. To optimise the cell efﬁciency many competing
factors need to be considered such as the need for a rough surfacewith a
particular feature type [2] to enhance light scattering, which in turn will
increase the current density within the cell and improve performance
[3]. It has previously been reported that the morphology of the TCO
can induce defects within amorphous [4] or microcrystalline [5] silicon
absorber layers. Surface roughness also decreases the ﬁll factor, FF, and
open circuit voltage, Voc, which could reduce cell efﬁciency, so a balance
of conditions is required.
Atmospheric Pressure Chemical Vapour Deposition (APCVD) is an
excellent technique to use to deposit suitable TCO ﬁlms as by careful
choice of the deposition parameters the resulting ﬁlm can be tailored
for speciﬁc characteristics. APCVD processes are particularly suited to: +44 161 295 5575.
s).
rights reserved.use in industry due to the high volume, continuous growth processes
and fast growth rates achievable [6]. For example, in-line deposition
during ﬂoat glass production.
Previous work with F-doped SnO2 established that although it was
possible to change surface morphology by use of different APCVD
parameters such as deposition time [7], tin precursor [8], additives
[9,10], temperature or growth rate [11] these all could have strong
and sometimes adverse effects on the optical or electrical properties
of the thin ﬁlms. In this paper different water to tin precursor ratios
were investigated in the deposition of SnO2:F as it has previously been
shown that water is an efﬁcient precursor with a different TCO, ZnO,
for ﬁnely tuning the ﬁlm surface while keeping good electrical and
optical properties [12].
This series of APCVD deposited SnO2:F thin ﬁlms was then used
to fabricate hydrogenated amorphous silicon (a-Si:H) single junction
cells. Following on from this a new set of SnO2:F ﬁlms was produced
based on themost promising cell test results. These samples, alongwith
two commercially available TCO samples (both on-line and off-line
products) were used in fabrication of micromorph tandem cells. These
consist of both a-Si:H and microcrystalline silicon (μc-Si:H) layers in
which a part of the light that is transmitted by the a-Si:H top cell is
absorbed by the μc-Si bottom cell. These give greater efﬁciency in use
of the received sunlight as μc-Si:H solar cells have a higher absorption
compared to a-Si:H in the wavelength range from 800 to 1100 nm.
Glass substrate
TCO
n
p layer a-SiC
i-layer a-SiOx
p layer μc SiOx
ZnO/Ag back contact
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Fig. 1. Schematic of a micromorph tandem.
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Fig. 2. Effects of the precursor tin to water ratio on the ﬁlm growth rate,■ and roughness
(Rms), ●. (The dashed lines are guides for the eye).
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2.1. TCO growth
The SnO2:F was deposited by APCVD at 600 °C using monobutyl
tin trichloride (MBTC) with 0.2 M aq. Triﬂuoro-acetic acid (TFAA)
delivered at a range of Sn precursor to H2O molar ratios. Precursors
were vapourised using either bubbler (MBTC at 125 ºC, 0.4 l min−1
carrier gas, 5.72×10−4 mol min−1) or ﬂash evaporation (TFAA/water
mix). Nitrogen was used as the carrier gas, with 20% oxygen at a total
ﬂow of 2 l/min. Deposition was on 1 mm thick borosilicate (Corning
Eagle 2000) glass. An APCVD gas handling system combined with an
in-house designed coater head systemwas employed to deliver precur-
sors to the surface of the substrate. On this system the heated substrate
is translated on an automated stage, beneath a static, non-contact gas
distributor in an extracted, open atmosphere, enclosure. This allows
the deposition of extended area ﬁlms with high uniformity over
100 mmwidth (±2%) and the length only limited by the translation
table size. The number of substrate passes under the CVD coating head
was adjusted to maintain constant ﬁlm thickness of about 1000 nm to
reduce its effect on the ﬁlm properties.
2.2. Solar cell production
Both single junction and tandem thin ﬁlm silicon cells were pro-
duced. Prior to the deposition of the single junction silicon cells, a
10 nm thin sputtered ZnO:Al layer was grown on the SnO2 samples
in order to protect them from etching by the hydrogen plasma during
the Plasma-Enhanced Chemical Vapour Deposition process for solar
cell deposition. The 250 nm intrinsic amorphous silicon ﬁlms were
deposited at very high excitation frequencies (40 MHz) and at a sub-
strate temperature of 200 °C. The reactants were silane and hydrogen
with phosphine and trimethylboron added for the n and p-doped layers,
respectively. The back contact was ZnO deposited by low-pressure CVD
and a white dielectric was used as back reﬂector. Further details for this
process have been published elsewhere [13].
For the micromorph cells the i-layer thicknesses are 270 and
1750 nm, for the top amorphous and bottom microcrystalline cells,
respectively. The i-layers consist of non-doped intrinsic amorphous
and microcrystalline Si. These have different band-gaps and hence
provide for a wider spectral response [1]. The doped layers are all
made from μc-SiOx material, except for the top cell p-layer, which is
a-SiC (due to the SnO2:F). It is important to note that, in this case, no
sputtered ZnO:Al was needed, as the process is soft enough not to
cause the dramatic reduction of Sn, but provides good contact. Also, an
intermediate reﬂector layer was used between the two subcells, made
from μc-SiOx, and the back contact was sputtered ZnO/Ag. A schematic
of the micromorph tandem is shown in Fig. 1.
The single junction and micromorph cell sizes were 0.25 cm2 and
1 cm2 respectively.
2.3. Characterisation
The crystallinity and structure of the samples were assessed by
X-ray diffraction (Siemens D5000). The morphology and surface
roughness of the samples were obtained by atomic force microscopy,
AFM, (NanoScope IIIa, Digital Inst. Ltd). Film thickness was measured
using a Dektak 3ST surface proﬁler on an etched step edge. Hall Effect
measurements were performed on the F:SnO2 ﬁlms to determine the
electrical properties with a lab built system using an electromagnet
with a magnetic ﬂux density of 0.84 T. In order to determine the
optical transmittance and the diffuse transmittance of the layers, a
spectrophotometer (Perkin-Elmer Lambda 900) equipped with an
integrating sphere was used. Solar cells were characterised by I–V
measurements under a calibrated AM1.5G light source both understandard conditions for FF and Voc, and by spectral response mea-
surements to extract the short circuit current, Jsc.
3. Results and discussion
The results section is divided into three main parts. Firstly, the
effects of varying theAPCVD tin precursor towater ratio on the physical,
optical and electrical properties of the TCO thin ﬁlm are discussed.
Secondly, the importance of these on the characteristics of the solar
cells is described. Finally, the cells fabricated with the optimised TCO
were compared with cells from commercially available TCOs, both for
efﬁciency and homogeneity over a 10 cm × 10 cm substrate.
3.1. TCO thin ﬁlm analysis
As can be seen from Fig. 2 there was some difference both in growth
rate and roughness as a result of changing the tin towater ratio. Initially,
the growth rate increased sharply before a more gradual increase
with high water precursor levels, while the ﬁlms generally became
smoother.
Example AFM images (Fig. 3) show pyramidal surface features
which became smaller at higher water precursor levels, which concurs
with the lower observed Rms roughness. More quantitative analysis of
feature height (Fig. 4a) and angle (Fig. 4b) revealed trends with the
changes in the amount of water. Rougher ﬁlms (i.e. low water) tended
to show a broader height variation and mainly higher feature angle.
Fig. 3. AFM images (5 μm × 5 μm) of different Sn:H2O ratios (a) 1:2 and (b) 1:20.
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higher angle of surface features and an increase in the number of bigger
peak to trough heights.
Research reported by Zhao et al. [14] on the effects of water on
the APCVD produced SnO2:F (no cell data) interestingly showed
the inverse effect of larger feature sizes at higher water content,
with increased compactness of the surface, suggesting increased
smoothness (Roughness values were not given). They also stated that0
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Fig. 4. Histograms of surface features for different Sn:H2O ratios. (a) height, (b) angle.the ﬁlm thickness and hence growth rate increased. However, ﬁlm
thickness increases themselves could be enough to change the mor-
phology. They ascribe the changes to a decrease in activation energy,
as the water concentration increases and hence a faster growth rate.
Nicolay et al. [12] with ZnO:B also showed changes in the water/zinc
precursor strongly affected the surface morphology, but not with a
simple trend. They closely related these changes with change in the
preferred crystallographic orientation. The ﬁnal morphology is ascribed
to ﬂow-controlled growth competition between the different orienta-
tions present in the ﬁlm at the beginning of the growth. However, in
this paper the XRD, as discussed later, showed only small changes.
Considering all the above, we could speculate that our results, which
showed increased growth rate and smoothness at increased water/Sn
precursor ratios, could relate to a change in the gas phase chemistry
due to a reduced activation energy and/or increased prominence of
some of the multiple of reactions taking place). This in turn leading to
different chemical species reaching the surface and hence changes in
surface morphology.
The electrical properties of our samples were all good with sheet
resistances between 9 Ω/sq and 13 Ω/sq and met the target of
N b 2 × 1020cm−3. This is important as a high doping level reduces
thin ﬁlm transparency which is one of the critical factors for PV
cells. Ideally high carrier mobility is needed with low carrier concen-
trations [15]. The mobility increased with increasing water/Sn ratios
(Fig. 5), with a general decrease in carrier concentration.
The decrease in carrier concentration with increasing water/Sn
ratios could be due to a reduction in oxygen vacancies, which is one0 10 2 30 40 50
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Fig. 5. Carrier concentration andmobility for different Sn:H2Oprecursor ratios. (The dashed
lines are guides for the eye).
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Fig. 6. X-ray diffraction of SnO2:F ﬁlms deposited at different water:tin precursor ratios.
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Table 1
Best cell results on the different substrates.
Sn:water
precuror ratio
Jsc EQE
(mA/cm2)
Efﬁciency %
(Jsc from EQE)
Voc
(V)
FF
1:50 15.1 10.1% 0.915 0.731
1:5 15.03 9.5% 0.904 0.700
1:1 15.12 8.8% 0.899 0.645
1:0 14.4 6.5% 0.873 0.518
AGC-U 14.8 9.4% 0.908 0.703
231H.M. Yates et al. / Surface & Coatings Technology 230 (2013) 228–233of the possible causes of bulk scattering phenomena at grain bound-
aries. The quality of the grain boundary has an effect, along with the
doping level, on the carrier concentration. There are two possible
mechanisms which control the mobility, the ﬁrst relates to scattering
within the grains and the second scattering at the grain boundaries.
The carrier concentration determines which mechanism is the domi-
nant factor. As the carrier concentration is reduced (at higher water/
Sn ratios) the grain boundaries become the more important factor
and hence less effect on the mobility [16].
All X-ray spectra (Fig. 6) are very similarwith strong (200) and (211)
reﬂections, with weaker signals from the (220) and (101). There is a0.80
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Fig. 8. Plots of open circuit voltage, Voc, and the ﬁll factor, FFslight weakening of the (101) reﬂection relative to the (200) as the
amount of water in the reaction is increased. Calculations of crystallite
size, via Scherrers formula [17], showed little change for the (200) orien-
tation (~25 nm) while the (211) showed a small increase from 22 nm
(1:1) to 29 nm (1:20) with little change beyond this level.
Use of higher water/Sn ratios, as discussed earlier, led to a smooth-
ing of the surface morphology, which as expected led to a decrease
in the diffuse transmittance (optical scatter) of high water precursor
samples compared to those with lower water precursor content (Fig. 7).
The total transmittance followed the trend of the measured free
carrier concentration with the highest absorbing ﬁlm being samples
for Sn/water ratios of 1:0 and 1:1 which also shows the highest free
carrier concentration. It is indeed well known that one of the main
intrinsic TCO sources of doping is the oxygen atom vacancies which
can be controlled by the water/Sn ratio.
3.2. PV cell results
To put our results into perspective the samples were compared to
a high quality commercially available SnO2:F thin ﬁlm AGC-U, which
is generally considered to be the ‘gold standard’ for use in thin ﬁlm PV
solar cells. This is 1000 nm thick with an Rms roughness of 47 nm.
The electrical properties, as measured on our instrumentation, gave
sheet resistance of 11 Ω/sq, carrier concentration 1.7 × 1020 cm−3
and mobility 33 cm2 V−1 s−1. Reference cells were fabricated on
AGC-U concurrent to production of those on our TCO samples. This
is particularly important as it reduces the possibilities of small vari-
ations due to deposition equipment and/or operators. For the initial
screening a-Si:H single junction cells were fabricated.
The results on the cells are shown below in Fig. 8. These show the
mean and standard deviation for the best ﬁve cells, along with the
maximum andminimum values, so a better statistical comparison be-
tween the cells present on each TCO sample is possible. From these
graphs, it is seen that the best electrical properties were achieved
with samples derived from high water content TCO precursor ratios,
especially when considering the spread of the data, an indication of
the homogeneity of the total sample (i.e. all layers). This is a further
indication of the beneﬁcial surface smoothening when using higher0.3
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Fig. 9. Optical properties of industrial standards and of the APCVD TCO ﬁlms.
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duced cells that were better than the off-line industrial TCO AGC U
and better than our previously optimised TCO with a precursor ratio
of Sn:water 1:5.
Below is a summary table of the best cells measured on each sub-
strate measured while using the photocurrent provided by the EQE
(Table 1). It is seen that as expected from the higher Voc and FF,
along with a higher current than expected considering the smoothing
of the surface, the best efﬁciency was recorded on the sample with
the highest water content (Sn to water precursor ratio 1:50). Indeed,
it led to an increase of 0.5% absolute efﬁciency (5% relative increase)
when compared to the best results achieved on the AGC U substrate.
To conﬁrm the results a selected second set of TCO samples, along
with the commercial standards, were used to fabricate micromorph
tandem cells. These cells are more time consuming and expensive
to prepare so the initial screening process only used single junctionJ s
c 
(m
A/
cm
2 )
FF
 (%
)
AGC TEC 20:1 5:1
Fig. 10. Box plots of 20 solar cells on thcells. TCO ﬁlms (10 cm × 10 cm) deposited with water/Sn ratio of
5/1 which had previously been our optimised ﬁlm for PV and a high
water/Sn ratio of 20/1 and to compare them against an industrial
on-line product TEC 7 (NSG) TCO and an industrial high end off-line
standard AGC-U TCO.
Prior to fabrication of the cells the optical and electrical properties of
the new ﬁlmswere checked,which conﬁrmed similarity to the previous
results. The optical properties of our TCO are compared to the industrial
standards, both on-line and off-line in Fig. 9. It can be seen that the
mean total transmittance between 400 and 1100 nm goes from 76%
on the TEC 7 sample to 82% on our TCO samples. The haze (optical
scatter) is higher than that of the commercial samples, but that of the
high water sample is decreased from the 5:1 ratio sample. However,
its relevance on cell performance for particularly increased current
density is to be weighed against the rougher morphology associated
to a high haze, rough morphology which leads to lower Voc and FF.
Therefore, maximization of the haze factor should not be considered
as the only solution to improve cell performances.
After fabrication of the cells, in order to test the homogeneity
of the TCO surface the 10 × 10 cm2 cell deposition was laser scribed
into 20 smaller 1 × 1 cm2 independent cells. The results of the new
cells can be seen in Fig. 10. In the case of laser scribed cells the cell
surface is very well deﬁned and the photo-current measured with the
IV setup is a reliable value (on the contrary to pen lift-off structuration
technique in which the surface is ill deﬁned and the current has to be
taken from EQE measurements, which had been done for previous
measurements).
It is seen that similar to the results achieved on the previously
discussed lab scale substrates, the sample derived from the TCO
deposited with the highest water content (water/Sn ratio of 20/1)
provided the best Voc and FF characteristics while it also generated a
lower current compared to the cell produced from the TCO deposited
at water/Sn ratio of 5:1. Despite this, and as expected from previous re-
sults, the sample at the highest tested water/Sn ratio (20:1) providedV
o
c (mV)
Eff (%)
AGC TEC 20:1 5:1
e different 10x10 cm2 substrates.
233H.M. Yates et al. / Surface & Coatings Technology 230 (2013) 228–233the best efﬁciency (mean on 20 cells) around 10.75% with a low result
spreads indicating the good homogeneity of the substrate surface. The
industrial on-line standard (to which our TCO was compared) showed
efﬁciency close to 9.5%, while the high end off-line industrial sample
AGC U had a mean efﬁciency around 10.2%.
There are several factors which contributed to the high efﬁciency of
the ﬁnal cell produced from the TCO deposited under conditions of high
water/Sn ratio. Firstly, the lower carrier concentration, which led to a
reduction in the free carrier absorption and hence greater transparency
of the ﬁlm allowing more light to reach the absorber layers. Secondly,
the smoother surface of the TCO led to better interface integrity with
the absorber layers and hence improved quality of the Si deposition
and so a reduction in cell shunts.
4. Conclusion
A series of SnO2:F thin ﬁlms have been deposited under different
APCVD precursor ratios for Sn:water. These established that a high
water to tin precursor ratio gave smoother, homogeneous ﬁlms
with higher carrier mobilities and optical transmittance. It has been
clearly established that the use of a water-rich APCVD process was
beneﬁcial for the TCO as it led to higher Voc and FF for the cells while
still keeping sufﬁciently high photo-generated current. These in turn
were shown to produce higher efﬁciency cells than two industrial pro-
duced products.
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